The hydrodeoxygenation (HDO) of aldol condensation adducts is of key interest in the preparation of biofuels from biomass by catalytic routes. In this work, furfuryldeneacetoneis taken as model of biomass-derived condensation adduct with furanic rings, unsaturations and carbonyl functionalities. Four noble metal catalysts (alumina-supported Ru, Rh, Pd and Pt) were tested. Obtained results show thatRh and Ru catalysts are only active for the hydrogenation of aliphatic double bonds; whereas Pd, and specially Pt catalysts, are active for the total HDO of the adduct, yielding n-octane, with selectivities higher than 30 % at 493 K after 24 h on stream (total conversion and carbon balance closure higher than 90 %). Based on these results, a mechanism (considering serial, parallel and equilibrium steps) and the corresponding kinetic model have been proposed for explaining the different selectivity trends observed for these metals.
In this work, the total hydrodeoxygenation of condensated adducts in one step is studied. This reaction is the last step in the manufacture of diesel blends from cellulosic biomass (Scheme 1).
The main scope of this work is to identify the most effective active phase, the optimum reaction conditions and to propose reaction pathways for the hydrodeoxygenation of condensated adducts.
The study is focused on the furfuryldeneacetone (C8), the first condensation adduct obtained by aldolization of furfural and acetone [4] . Four different noble metals (Ru, Rh, Pd and Pt) supported on alumina were tested at different temperatures. Group VI-VIII metals have been previously tested in hydrogenations at low-medium temperatures showing high catalytic activity, but also a high capacity of adsorption and activity for side reactions [25] . Pd and Rh are considered good catalysts for hydrogenation of aliphatic insaturations [26, 27] whereas Ru and Pt show high activity in deoxygenation steps [28, 29] . Alumina was chosen as support because of its acidity, which can favor some steps of the HDO reaction, but it considered mild enough for not promoting coke formation reactions.
Experimental

Catalysts characterization
Catalysts used in this work are BASF Escat series of 0.5 % (w/w) of Pd, Rh, Ru or Pt supported on -Al 2 O 3 . All the catalysts were activated at 473 K for 2 h under flowing hydrogen. Different studies confirm that these metals are completely active after this pretreatment (the position of the metal on the surface favors the C=O hydrogenation), whereas higher reduction temperatures
The reactor was initially pressurized to 2.5 MPa with H 2 , heated to reaction temperature (reaching final pressures of 5.5 MPa) and stirred at 1000 rpm for 8 h for the screening of the different metals (reactions at 393 K) or 24 h in the studies of the influence of the temperature (393, 433, 453 and 493 K). Selected pressure guarantees the H 2 excess during all the experiment, since the amount of hydrogen needed for the total hydrogenation of the adduct was less than a 10 % of the total amount of hydrogen loaded in the reactor. This fact was also experimentally checked both experimentally, the pressure after 24 h only decreases in 0.3-0.5 MPa when hydrogen is not fed; and theoretically, assuming the Henry's equilibrium for the hydrogenhexane system. Samples were withdrawn from the sampling port during the reaction, filtered and analyzed by capillary GC in a Shimadzu GC-2010 equipped with a FID detector, with a CP-Sil5 capillary column as stationary phase. Peak assignment was performed by GC-MS and responses were determined using standard calibration mixtures and the effective carbon number concept [34] .
The structure of the different isomers can be observed in Scheme 2. Due to the complexity of their nomenclature, each compound was labeled with a capital letter that will be used during the discussion.
The stability of the catalysts was tested by repeating the batch experiments with recovered catalysts. The maximum decrease in conversion observed was 10 %, whereas the selectivities of total hydrogenated products showed just slight decreases (<5 %). Therefore, catalyst deactivation has not being considered in further discussions. Characterization of the used catalysts (nitrogen physisorption, XRD) does not reveal any morphological or crystallographic change during the reaction.
Results and discussion
Catalytic activity
Batch experiments at 393 K and 4.5MPa were performed with the selected catalysts in order to identify the most active metal and determine the reaction pathways for the hydrogenation of the studied condensation adduct. This temperature was chosen considering previous works about the hydrogenation of other biomass-derived compounds [23] . The reaction time was in all cases 8 hours. The most active catalyst was identified considering both the selectivity of n-octane (labeled as "E") and the carbon balance. The selectivity was calculated as the ratio between the concentration of n-octane and the concentration of converted C8-condensation adduct. experiments. This decrease is more sharply for Pt/aluminadue to the hydrogenation of more stable insaturations (cyclic-aromatic bonds, carbonyl groups) to obtain other intermediates (labeled as "C" and "D") and the n-alkane ("E"). The most unstable intermediate is the opencycle "D", whose selectivity never reached values higher than 3%, although a maximum is clearly observed. Previous results confirmed that Pd is very selective for hydrogenation aliphatic unsaturated aldehydes [30] , but Pt is much more active in deoxygenation reactions [29] .Consequently, the selectivity of n-octane obtained with Pt/alumina (9.4%) was higher than forPd/alumina (6.1%). The carbon balance closures obtained were, in all the cases, higher than 95 %, discarding the presence of other side reactions such asdecarbonylationsor the formation of heavy adsorbed by-products.
The modest n-octane selectivities obtained in both cases (with Pd and Pt) is due to the reaction parameters: the short reaction time (profiles suggest increasing trends for n-octane selectivity at longer times) or the reaction temperature. In fact, the complete hydrodeoxygenation of polyfunctionalized molecules was carried out at higher temperatures (over650 K) to guarantee the complete reaction, with negligible activity at temperatures lower than 400K [7] . The evolution of the activity at higher temperatures (433, 453 and 493 K) was tested with the most active catalysts (Pd and Pt/alumina). on the Pd/alumina catalysts, whereas lower than 25 % on Pt/alumina. The high selectivity of Pd for aliphatic unsaturated hydrogenations in contrast with the low activity in presence of cyclic compounds was previously observed in hydrogenations of compounds as benzaldehyde or acetophenone [30] .
Concerning to the carbon balances, in both cases, decrease with the temperature. This behavior is more noticeable with Pd/alumina (from 97.7 % at 393 K to 63.7 % at 493K),whereas for Pt/alumina the variation was lower than 10 % (from 98.1 % at 393 K to 88.8 % at 493 K).At first insight, this carbon unbalance can be caused by side reactions leading to condensation products, such as Diels-Alder reactions. At this point, the larger selectivities observed for the intermediate "B" with two conjugated C-C double bonds (active for Diels-Alder reactions) can be the responsible of these differences.
Kinetic study
The evolution of the selectivity of different products as function of the C8-condensated conversion is plotted in Figure 3 for all the catalysts at 393 K.The compound labeled as "B"
shows a typical profile of primary reaction product undergoing further reactions.By contrast, "C" intermediate follows the typical pattern of a secondary product, being its selectivity negligible at zero conversion and reaching a maximum for Pd and Pt/alumina catalysts and a plateau for Ru and Rh/alumina. For the case of Pd, significant selectivity for "C" is observed at zero conversion, suggesting its direct formation from the reactant. The evolution of the "C" intermediate at high
conversionssuggests that Ru and Rh/alumina are active for the hydrogenation of the aliphatic C-C bond, but not for the C-O bond hydrogenolysis.It should be notedthat these catalysts did not show activity neither for hydrodeoxygenation nor forother polymerization reactions that had been reported in similar reactions carried outusing Ru as active metal [35] . However, the experiments reported in this work have been performedat higher pressures and using largely higher catalyst/reactant ratios [35] . of this carbon atom (inductive effect).Taking into account all these facts, a kinetic model as the depicted in Scheme 3 is proposed for modeling the reaction.
The temporal evolution of the concentration of reactant, reaction intermediates and the n-octane with reaction time wasmodeled using the SCIENTIST® software, applying the Burlich-Stoer approximation in order to determine the kinetic constants for each step.Each elementary step has been considered to follow a pseudo-first order kinetics on the organic reactant. The presence of different organic reactants with similar molecular structure prevents the use of more mechanistic models, such as Langmuir-Hinshelwood ones. The presence of mass transfer effect has been discarded by ensuring the small catalytic particle size and with the high stirring, so this reaction is considered to be kinetically controlled. The high pressure (4.5 MPa)ensures that the hydrogen is in enough excess to consider zeroth order kinetic dependence.In any case, the negligible decrease in the pressure during the reaction leads us to neglect the effect of hydrogen pressure on the reaction kinetics at the studied interval.First-order kinetic dependence on the organic molecule has been considered for each step, which is in good agreement with most of the kinetic studies of liquid-phase hydrogenations [40, 42] .Therefore, and considering batch reactor and the reaction scheme suggested in the analysis of the conversion-selectivity plots, the following set of differential equations are used for modeling the reaction: Eq: I.1 Eq: I. Table 1 .
Where "k" is the first-order kinetic constant for a reaction rate expressed as mol reacted/formed per second and volume of feed;"k " is the first-order kinetic constant for a reaction rate expressed as mol reacted/formed per second and exposed atom of metal;"M cat " is the mass of catalyst used in each reaction; "A metal " is the atomic mass of each metal; and "d" is the metal dispersion determined by TEM.
Considering the kinetic constants normalized by exposed atom of metal, possible effects of the different effective metal loading were discarded. In any case, micrographs obtained by TEM demonstrate a high similarity in terms of particle size among the four materials, with a narrow distribution around the average value, as it can be observed in Figure 4 . Sincealso morphology of the catalysts and acid properties are very similar for the four studied catalysts, differences in catalytic performance are caused by the activity of the metal. Values of the kinetic constants for the experiments performed at 393K are reported in Table 2 .The proposed model (considering the above-mentioned peculiarities for each catalyst) provides agood fit for all the experiments performed (with a correlation coefficient higher than 0.97 for all the compounds in all the reactions). The goodness of these fits is also observed in the Fig. 1 for the experiments performed at 393K with the four catalysts.
According to the proposed mechanism, Pd and Pt catalystspresent similar activity for the first step of the hydrodeoxygenation (aliphatic C=C bond hydrogenation), with the highest values of k 1 . This result is in good agreement with the well-known high activity and selectivity of these metals in C=C aliphatic hydrogenations [37] . In the case of Rh and Ru catalysts, the activity is lower. These facts are in a good agreement with the trends reported for olefins hydrogenation, Pt and Pd being considered the most active catalysts for this reaction, whereas the Rh and Ru are markedly less active. Concerning to the simultaneous hydrogenation of the double bond and the furanic ring, this reaction only takes place with the Pd catalyst and at very low reaction rates (kinetic constant is ca. one order of magnitude lower than k 1 ). In the other cases, the intermediate The ring-opening reactions only take place at relevant extent with Pd and Pt catalysts (k 3 ), Pt being the most active catalyst, whereas Pd seems to be more active for the final dehydration-hydrogenation step (k 5. ). Comparing both steps, the first one is slower, in good agreement with the profile observed for the aliphatic diol "D". It should be noted that catalyst acidity can play a key role in the dehydration-hydrogenation step, being the acid site distribution shifted to higher concentration and strength of the acid sites for the Pd catalyst.
The different behaviour of the catalysts cannot be explained by the morphology or metal dispersion of these materials (Table 1 ) and, consequently, the activity can be attributed to the different affinity between the metal crystallites and the reactant and intermediate products. Some researches indicated that the activity in similar processes is conditioned by the interaction of unsaturated functional groups and hydrogen with the metal and the subsequent ability of the metal to eliminate the hydrogen atom [43] . The most stable interactions presented in Pd and Pt are -allyl modes, and in the case ofPd this interaction is so strong that difficults desorption of the first intermediate ("B") . On the other hand, the hydrogenation of the aldehyde group is not favoured with Ru and Rh due to their low preference of these metallic surface for C=O. This affinity is important in order to stabilize the hydrogenation intermediates in molecules with ketonic groups and it is higher in the case of Pd or Pt [44] . Table 3 . Straight lines obtained are plotted in Figure 5 , observing a good linear trend. The goodnessof the proposed model is also observed in Figure 6 , with a correlation coefficient higher than 0.97 for all the compounds in all the reactions.In general terms, the kinetics constants of all the relevant steps are higher and show sharper increases with temperature with Pt, in good agreement with the higher octane selectivity observed.
Although, at first insight, the values of the activation energies seem lower than expected, similar values were recently reported for HDO.Activation energies of about 10 kJ/mol are obtained for the propanoic acid HDO using supported Pd catalysts [45] . Concerning to biomass model compounds (furans, aldehydes, etc.), activation energy values ranging from 48 kJ/mol of furfural hydrodeoxygenation catalyzed by Cu/SiO 2 [16] In general terms, the activation energies of the main route reactions (A→B→D→E) are very similar for both catalysts, except in the last step whose activation energy is lower for Pd. In both cases, the lowest kinetic constant and the largest activation rates were found for the ring-opening reaction, suggesting that this is the controlling step in this reaction.
CONCLUSIONS
Four alumina-supported metals were tested in the hydrodeoxygenation of the C8-condensated adduct. Ru and Rh/alumina were discarded because of the negligible n-octane selectivity obtained after 8 hours at 393 K. Otherwise, Pd and Pt/alumina showed high activity with selectivities to total hydrogenated products at 493 K, higher than 25 and 35%, respectively. 
SCHEME CAPTIONS
Scheme 1: General mechanism for biodiesel synthesis from hemicellulosic biomass by dehydration-aldolization-hydrogenation/deoxygenation.
Scheme 2:
Chemical structure of the reactant (A) and reaction products identified by GC-MS during the hydrodeoxygenation of furfuryldeneacetone.
Scheme 3:
Reaction mechanism proposed to the hydrodeoxygenation of the furfuryldeneacetone. 
